; Bax; DNA damage p51, also termed p63, a member of the p53-family genes, encodes p51A (TAp63g) with strong structural and functional similarities to p53 (Osada et al., 1998; Yang et al., 1998) . However, p51 considerably diers from p53 in view of (i) infrequent p51 gene mutations detected in tumors (Sunahara et al., 1999; Hagiwara et al., 1999; (ii) p51 expression in speci®c cell types and stages in development (Osada et al., 1998; Mills et al., 1999; Yang et al., 1999) ; and (iii) production of multiple translates from p51 including one with a dominant-negative activity (Yang et al., 1998) . It is in question whether or not p51 functions as a tumor suppressor. Here we show that p51A also has a feature to accumulate in response to DNA damage to induce gene expression, proposing that it is another property shared by the three classes of p53 family proteins (White and Prives, 1999) .
Cell line EL-Tg-gp55-1-2-3 (Xu et al., 1995; Kato et al., 1997) , here referred to as 1-2-3, was established from an enlarged spleen of a mouse with the polycythemic Friend virus gp55 transgene (Aizawa et al., 1990) and has monoallelic expression of p53 val135 , a temperature-sensitive mutant p53 (Michalovitz et al., 1990; Martinez et al., 1991) . We generated 1-2-3-derived cell lines with p51A or wild-type p53 expression driven by Rous sarcoma virus (RSV) promoter which did not undergo growth suppression at 378C. Reportedly, the p51A entire open reading frame (ORF) includes the region spanning exons 1 and 2 that encodes the 39 amino acids at the extreme NH 2 -terminus of the protein (Hagiwara et al., 1999) . The human p51A cDNA cloned into the expression vectors in this study was found to have the intact ORF encoding 487 amino acid residues. Furthermore, only 11 residue substitutions are present in mouse *TAp63g consisting of 483 residues (Yang et al., 1993) . Figure 1a shows analysis of the transfectants with p51A, antisense p51A (Rp51A), p53, or antisense p53 (Rp53) for their gene expressions by semi-quantitative reverse transcription-polymerase chain reaction (RT ± PCR). RNA preparations from p51A-2C6, -3C2, -3D6 and -4E7, and Rp51A-2E8 (lanes 2 ± 6) were positive in production of 629 base-pair (bp) DNA primed with p51 transactivation domain-speci®c sequences. p53-3A6 and -4D5, and Rp53-2C3 (lanes 8 ± 10) were positive in production of 699 bp p53-speci®c DNA. PCR without RT failed to show those bands, assuring mRNA syntheses from the genes introduced. RT ± PCR for glyceraldehyde phosphate dehydrogenase (GAPDH) mRNA indicated adequately performed RNA quantitation. Figure 1b shows protein analyses of the cell lines by immunoblotting. Murine p53 val135 detected by PAb421, a universal antibody to p53, appeared as a dense band in every lane. With 4A4, a p51 (p63)-speci®c monoclonal antibody, a faint band at the position of 57 kD marker was detected in the lanes for p51A-3C2 and -3D4 (lanes 3 and 4), evidencing the p51A protein which cells retained poorly as reported (Yang et al., 1998) . The apparent molecular mass matched the size of a protein of 487 amino acid residues. In an analysis with a human p53-speci®c monoclonal antibody, PAb1801, p53 appeared as a clear band in the lanes for p53-4A6 and -4D5 (lanes 7 and 8) re¯ecting relative quantities of their p53 mRNA (Figure 1a ). When analysed by RT ± PCR, the cell lines with obvious protein synthesis from transfected genes, p51A-3C2, p53-4A56 and p53-4D5, had upregulation in the expression of p21 waf1 , mouse p21 waf1 originally termed CAP20 (Gu et al., 1993) (lanes 3, 7 and 8) . In p51A-3D4 and -4E7 (lanes 4 and 5), it was less apparent. Other cells did not have this feature (lanes 1, 6 and 9). Based on these data, we considered p51A-3C2 and p53-3A6 as the cell lines that grew producing active p51A and p53, respectively, and used them in the following experiments.
To examine whether p51A has the ability to respond to DNA damage, cells were subjected to DNAdamaging treatment, UV-C (wavelength of 254 nm) irradiation (20 J/m 2 ) or incubation with actinomycin D at 25 nM (Woo et al., 1998) . More than 100 J/m 2 of UV irradiation was required for induction of 100% cell death in the 1-2-3 culture. Twenty-®ve nM of actinomycin D is well below the drug concentration generally used for transcription inhibition (1 ± 2 mM), and did not aect the RNA recovery within 24 h. The mutant p53 val135 protein amount detected by PAb421 was stable in 1-2-3 cells (Figure 2a ) through the time course to 24 h after UV irradiation as well as at the 4 and 24 h points of the actinomycin D treatment. In contrast, PAb1801-detectable p53 band intensity increased signi®cantly after UV treatment (lanes 1 ± 4), reaching maximum at 4 h in p53-3A6. It reduced to the basal level in 24 h (lane 5), indicating transient accumulation. p53 enhancement was also apparent in actinomycin D-treated p53-3A6 (lanes 6 and 7). As observed in various experiments in human and mouse systems (Lu and Lane, 1993; Nelson and Kastan, 1994) , human p53 stabilization by DNA damage was achieved in the mouse cell line. Intriguingly, the p51A protein content in p51A-3C2 cells increased after exposure to UV or actinomycin D in time courses similar to those of p53, indicating that p51A has the ability to accumulate in response to DNA injury. RNA analysis by ampli®cation ( Figure 2b ) showed that the level of p51A mRNA relative to the control GAPDH mRNA was not altered in p51A-3C2 cells, nor was the level of p53 mRNA in p53-3A6 cells. Thus, p51A accumulation occurred by a post-transcriptional mechanism as in the case of p53 (Levine, 1997; Ko and Prives, 1996) .
Neither p51A nor p53 expression at the steady state level aected the protein amount of Bax-a, a 21 kD active translate from the bax gene (Oltvai et al., 1993) , as found in the immunoblot analysis (Figure 2a , lane 1 of 1-2-3, p51-3C2 and p53-3A6). Moreover, in the control 1-2-3 cells, the Bax-a content was unaltered during the 24 h period of UV and actinomycin D experiments. However, the band intensi®ed in the lanes for UV-or actinomycin D-treated p53-4A6 samples (lanes 2 ± 4, 6 and 7), coinciding with p53 accumulation. In p51A-3C2, the Bax-a protein composition increased by 24 h incubation with actinomycin D, whereas the relative protein amount did not signi®-cantly alter after UV irradiation.
As described above, p21 waf1 mRNA synthesis was enhanced in p51A-3C2 and p53-3A6 under normal culture conditions. It rose further in p51A-3C2 cells for 8 h (lanes 2 ± 4) after UV irradiation, and declined to the steady-state level in 24 h (lane 5), suggesting rapidly induced p21 waf1 transcription by p51A accumu- ) were washed on ice, lysed in the SDS ± PAGE sample buer (100 ml) and boiled immediately. After sonication for DNA shearing, a 10 ml aliquot was analysed in each lane. Proteins were transferred to polyvinylidene di¯uoride membrane, blocked, and incubated with a primary antibody (0.1 mg/ml). Alkaline phosphataseconjugated secondary antibodies and CDP-Star chemiluminescent substrate (New England BioLabs) were used for detection lation. In UV-irradiated p53-4A6 cells, increased p21 waf1 expression was detected at 8 and 24 h, indicating discordance between the p53 protein level and p21 waf1 upregulation, which is consistent with earlier results (Lu et al., 1996 ; HaapajaÈ rvi et al., 1997). The p21 waf1 mRNA level was reduced to the basal level during the actinomycin D treatment in the p51A and p53 expressing cells (lanes 6 ± 8). In the control 1-2-3 cells, neither of the treatments caused p21 waf1 upregulation to a detectable level. Thus, at least two of the known p53-responsive genes seemed to undertake the regulation of p51A in p51A-3C2 cells. However, p21
waf1 and Bax-a responses varied depending on whether p51A or p53 accumulated, as well as with the methods of DNA damage. Nuclear staining was performed at 24 h in the UV and actinomycin D experiments (Figure 3a ± c) to detect apoptosis induction. In 1-2-3 and Rp51A-2E8 cultures, 9.5 ± 13% of the cells contained a condensed, fragmented nucleus, indicating occurrence of p53-independent apoptosis at a lower incidence. In contrast, p53-3A6 cultures had a 68% fraction of apoptotic cells after UV irradiation, and a 30% fraction after incubation with actinomycin D, indicating that p53-dependent apoptosis was eciently induced. However, the population of dying cells in DNA-damaged p51A-3C2 cultures, 18% in UVirradiated samples and 8.6% in actinomycin D-treated sampled, did not vary from those in 1-2-3 and Rp51A-2E8 treated in the same way. We next examined these cells for hemoglobin production as a characteristic of erythroid dierentiation by staining with 2,7-diamino¯uorene (DAF). When cultured under normal growth conditions, a 0.5% cell population in p51A-3C2 cultures was found DAF-stain positive. One day after exposure to UV or actinomycin D, the DAF-stain-positive cell count increased to 3.6% or to 6.0%, respectively. In contrast, less than 0.1% population in the 1-2-3, Rp51A-2E8 and p53-3A6 cultures were stained with DAF, and the ratio did not increase after UV or actinomycin D treatment. Taken together, while p53 accumulation resulted in induction of apoptosis, p51A accumulation led to hemoglobin production.
The most intriguing result in this study was that p51A molecules also accumulated and elicited their transactivating function in response to DNA damage. The mechanism that controls p53 stability and activity involves a p53-binding protein, MDM2 (Shieh et al., 1997; Haupt et al., 1997; Kubbutat et al., 1997) , and kinases represented by ATM (Banin et al., 1998; Canman et al., 1998) . MDM2 directly binds to the NH 2 -terminus of p53. Molecular association between p51A and MDM2 has not been proved. Another p51 translate p51B (TAp63a) is well retained in the same expression system. Sequences determining the p51A stability are, therefore, speculated to reside in the COOH-terminus of p51A. DNA-damage-induced p51A phosphorylation is expected.
The result of hemoglobin production observed in p51A-expressing cells should not be taken to indicate that p51A functions in erythroid dierentiation in vivo, since p63 gene expression is con®ned to the sites of epidermal-mesenchymal interactions in mouse embryogenesis, and p63-mutated humans and animals are de®cient in limb and skin development (Mills et al., 1999; Yang et al., 1999; Celli et al., 1999) . Our result in cell culture is interpreted to indicate that p51A, when it is expressed in an active form, could lead to cell dierentiation. Neither p21 waf1 nor Bax-a seemed to send a direct signal for dierentiation.
In spite of the well conserved primary and putative higher order structures between p51A and p53, and comparable transactivating ability found in reporter gene expression assays with common sequence motif, the two proteins induced dierent biological responses to DNA damage. This may not be attributable to the quantitative dierence in their transactivational activity, if any (Shimada et al., 1999) , under the normal cellular circumstances. Induction of p21 waf1 , a CDK inhibitor responsible for p53-caused G1-S transition arrest in cell cycle (El-Deiry et al., 1993) , did not occur in parallel with that of Bax-a, a mitochondrial protein implicated in p53-induced apoptosis (Miyashita and Reed, 1995) . More selective activation may occur among p53-responsive genes in the nuclear events following DNA scission resulting from UV irradiation or DNA intercalation by actinomycin D, which may further vary between p51A-and p53-expressing cells and depending on cell types.
In our earlier experiment, cytomegalovirus promoter-driven, 5 ± 10-fold more ecient p51A gene expression resulted in apoptosis induction (Osada et al., 1998) as well as hemoglobin production. When overexpressed, p51A, as well as p53, possibly dominate the cellular mechanism that controls stability and activity of the molecule.
Another p53-homologue, p73a was originally found to be insensitive to UV or actinomycin D (Kaghad et al., 1997) . In recent reports, however, p73a also accumulates to induce apoptosis in response to ionizing irradiation and cisplatin, where c-Abl tyrosine kinase is required (Gong et al., 1999; Agami et al., 1999; Yuan et al., 1999) . Thus, p53 family proteins, p53, p73a, and p51A (TAp63g) are indeed closely related not only structurally but also functionally. An elaborate cellular signaling system may be present for each protein regulation.
